The Chao Phraya
Introduction
River morphological and sediment depositional changes can be caused by human activities, i.e., in-channel sand mining, dredging, deforestation, and construction of manmade structures such as weirs, barrages, and dams in a very short time, i.e. in a few decades [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . Normally, sediment load is significantly trapped above a regulating structure and reduced downstream of it. This frequently results in river aggradation i.e. sand bar deposition, narrowing and shallowing of the river channel in the upstream and degradation, i.e. erosion of the river channel in the downstream from a dam [13] [14] [15] [16] [17] . In contrast, the effects of river adjustment caused by the natural factors require much longer time span to reveal. However, there are few exceptions that the natural factors such as river floods, landslide or earthquake can induce channel adjustments in a very short time [18] [19] [20] [21] [22] . Another factor that has been recognized in responsible for changes of rivers today is the climate change [23, 24] . However, it is quite difficult to distinguish climatic influences from anthropogenic causes [25] . Nonetheless, some studies have pointed out the effects of climate change on both hydraulic and sediment regimes in term of changes in water discharge, sediment supply rate, and stability within the fluvial systems [22, [26] [27] [28] [29] [30] [31] [32] .
Change in river geomorphology and sediment depositional style can be investigated by both from field surveys as well as from remote sensing data [33] [34] [35] . However, in order to examine the cause and effect of the Ping and Chao Phraya Rivers problem thoroughly and effectively, the study area is bounded to cover a vast area from the upstream reaches of the river where the excessive sediment has been trapped continue to the downstream reaches where the severe erosion takes place. Hence, the most effective way to study these changes in river dynamic over a vast area and within a long period is using satellite imageries to track the river geomorphology and landform through time [15, [36] [37] [38] . Therefore, the study area is set up to cover the Lower Ping River downstream of the Bhumibol Dam and continues to the end of the Chao Phraya River when entering the Gulf of Thailand for a stretch of around 1,000 km. In addition, the coastal area surrounding the Chao Phraya Delta was also examined ( Figure 1A ).
In the past decades, the increasing of sand bars in the Ping River has been recognized. Shallow sand-choked river causes flooding in rainy season repeatedly. Further downstream when the Ping River emerged with other tributaries and becomes the Chao Phraya River, the erosion of river banks and shoreline around its delta in the Gulf of Thailand has become an obvious issue instead [39, 40] . In the past few years, Thailand has suffered from server flooding, especially the "2011 Great Flood" in the Chao Phraya River Basin and its distributary rivers including the Ping River [41] [42] [43] [44] [45] [46] .
The problem of excessive trapped bedload sediment in the Ping River has been ignored, for a long time. The high bedload sedimentation rate results in tremendous increasing of sand bars within the river. The sand bars have been increasing, especially between the succession of weir along the Ping River. The mean river water level above riverbed is very low due to this high sediment accumulation rate. This trapped bedload sediment with the addition of the reducing river's peak flow by the Bhumibol and the Lower Mae Ping Dams lower the water level below the propeller and sump levels of the irrigation pump stations situated along the river [47] . Recently, there are at least 10 existing pumping stations built by the Royal Irrigation Department (RID) which could not be fully operated to supply required water to the farmlands during drought seasons. Furthermore, the dredging projects have struggled to keep channels open to handle flood flows.
The morphodynamical changes of rivers are influenced by both anthropogenic activities and geologic conditions. The anthropogenic activities seem to have greater impact on accelerating the change in river dynamics and equilibrium in river reach scale. These factors include irrigation projects, deforestation for agriculture, and natural resources exploitations such as sand and gravel mining etc. [48] [49] [50] . On the other hand, the geologic conditions such as lithology and tectonic play an important role in controlling river equilibrium in the grander scale i.e. basinal scale and in a much longer time span. However, with exceptions some geologic (catastrophic) events as earthquake, river flooding, landslide, or debris flow can change the river equilibrium in a very short-term period [51, 52] .
While trapped sediment in Ping River is commonly considered to be a significant problem, none of detailed study documents the related morphological changes of the rivers. Thus, the objective of this study is to detect and assess geomorphological changes of the Lower Ping and Chao Phraya Rivers during 1987 to 2017 inferred by Satellite-image analyses. The study emphasized on quantifying geomorphological changes in terms of the sand bar area, river width, and sinuosity using remote sensing data and GIS techniques. It is envisaged that the results from this study will shed light on how the influence of geological conditions and anthropogenic activities affect the geomorphology and sedimentation of the Ping and Chao Phraya Rivers, and will contribute to the substantial water resources and flooding management together with loss of equilibrium within the upstream and downstream parts of the Chao Phraya River basin.
Material and methods
In this study, Landsat imageries obtained after monsoon season during January to March of 1987, 1997, 2007 and 2017 with one decadal interval were selected to cover from when there is sufficient water in the main channel and when the land cloud cover is low as it is the dry season. The study area was covered by five Landsat scenes (path/row: 129 /50, 129/51, 130/49, 130/50, and 131/48). The Landsat archival data were available for the whole area. In total, 15 scenes of Landsat 5 TM (1987 ) and 5 scenes of Landsat 8 OLI (2017) were used ( Table 1 ). All satellite images were transformed to the Universal Transverse Mercator (UTM), World Geodetic System (WGS 84) projection. The geo-referenced images of each year have been mosaiced together. A uniform 30 m spatial resolution of all images was adequate to detect the dynamic changes of different periods of the Ping and Chao Phraya Rivers since the average river width of both rivers is approximately 265 m. Initially, a supervised classification technique in ArcGIS was used to extract the water body and sand bar areas within the river. However, automated classification was found to be unusable because of mixed pixels between bank lines and sand bar boundaries. Hence, to maximize the data classification output, the river bank lines and sand bars (subdivided into point/lateral bar and mid-channel bar) were digitized manually throughout the whole river reaches using ArcGIS v. 10.3. These data were analyzed and calculated the changes in geomorphology parameters over each period of rivers and also the change in shoreline along the Chao Phraya River delta. In order to study the changes of the Lower Ping and Chao Phraya Rivers effectively, both the Lower Ping River downstream from the Bhumibol Dam and the Chao Phraya River were divided into five reaches according to the geological conditions, channel slope and intensity of river regulation. Changes of the river geomorphology along the Lower Ping River and the Chao Phraya River were estimated in terms of changes river width, sinuosity and sand bar area of the study reaches. Sand bars were categorized into two groups: mid-channel bars (islands) and point/lateral bars. Mid-channel bars are lands that, even in dry season, they are inundated or surrounded by water, while point/lateral bars, i.e. attached sand bars are accessible from the mainland without crossing a main channel. Besides changes of river width and sand bar areas, sinuosity is another important geomorphological parameter which identifies the dynamic nature of the Lower Ping and Chao Phraya Rivers. There are a limited number of previous researches or data that analyze the sinuosity of the Lower Ping and Chao Phraya Rivers over a long-time span and long range of rivers' courses. By using the four intervals of satellite images obtained in 1987, 1997, 2007 and 2017 , the sinuosity indexes of the Lower Ping and Chao Phraya Rivers were computed.
The study area
The Chao Phraya River Basin coupled with the Ping River Basin is the largest river basin in Thailand covering almost one-third of the country. Both river basins are considered as one of the most regulated and disturbed areas in Thailand. The Ping River originates from the mountain range in the north and flows down through the intermontane basins and the Central Plain. The Lower Ping River conjunctions with the Wang River after leaving the mountain terrain, then with the Yom and Nan Rivers further downstream, and at this point it becomes the Chao Phraya River. Overall, the Ping and Chao Phraya Rivers combine parts of a change in channel slope that begin in high terrain of mountain range in the Northern Thailand and pass through the lowlands of the Central Plain, finally end up when the river mouth entering the Gulf of Thailand. In this study we selected only the lower part of the Ping River, called "the Lower Ping River" and the Chao Phraya River for the assessment ( Figure 1A ). The longitudinal profile of the Lower Ping and Chao Phraya Rivers downstream from the Bhumibol Dam was constructed using the elevation data from the Digital Elevation Model (DEM) ( Figure 1B ).
The Lower Ping and Chao Phraya Rivers Catchments Characteristics
The Figure 2 shows the historical record of mean annual rainfall for the whole country. The mean annual rainfall in Thailand during 1951-2016 is 1,622 mm. The eight years in which significant floods occurred (1978, 1980, 1983, 1995, 1996, 2002, 2006 , and 2011) did exhibit above mean annual rainfall. However, not all years with heavy rainfall experienced severe floods, and not all years in which floods have occurred have been characterized by heavy rainfall. This indicates that there are various factors besides heavy rainfall involve in the likelihood of flooding in Thailand. (1978, 1980, 1983, 1995, 1996, 2002, 2006, and 2011 ) are highlighted with arrows; note that, in many cases, the large flood years are not associated with the highest rainfall.
Climate of the Lower Ping and Chao Phraya river basins are also influence by monsoon. Occasionally, inflow runoff exceeds the upstream reservoir storage capacity and discharging to downstream that resulting in flood event and overflow in the end of August to December. Based on the historical hydrological data from the RID [54] , the average discharge of the Chao Phraya River at Nakhon Sawan province is approximately 2,500 m 3 /sec while the discharge downstream of the Chao Phraya Dam in Chainat province, 100 km downstream, is approximately 2,320 m 3 /sec. The discharge amount at Nakhon Sawan province is the key indicator station for the flood management action. The flood risk increases significantly if the discharge at this station is exceed 3,000 m 3 /sec.
The Geologic setting
Our study, both the Lower Ping and the Chao Phraya Catchments, are mostly situated within this Central Plain with some part of the Lower Ping River Catchment in the Western mountain ranges. The eastern and western margins of the Central Plain are bounded by mountain ranges with associated terraces and alluvial fans. The Central Plain is divided into upper and lower parts. The Upper Central Plain originates from where the Ping, Wang, Yom and Nan Rivers join to form the Chao Phraya River in, Nakhon Sawan Province. Around this confluence several monadnocks scatter over the plain. The Chao Phraya River and its tributaries created the broad depositional surface with its well-defined meander belts forming the Lower Central Plain which is generally a flat and featureless plain spreading out southward to the Gulf of Thailand [55] . In this study, we have emphasized more on the geology of the Quaternary deposits than the Pre-Quaternary rock units since most of the catchment areas cover mainly the Central Plain which overlain mostly by the Quaternary deposits. Figure 3 is the geologic map showing simplified geology of the Central Plain and the surrounding areas which is combined and modified from various previous works [55] [56] [57] . The western part of Lower Ping River catchment consists of the mountain ranges comprising variety of rock types. Not only exposures of sedimentary and metamorphic rocks crop out, this area also comprises of exposed granitoid rocks. These granitoid rocks belong to the Western Granitoid Belts which formed in Late Cretaceous to Middle Tertiary (80-50 Ma) [58] . Since the catchment situates in the tropical and monsoon area and about onethird of the mountainous area is granitoid rocks, we can expect a high weathering soil profile and easily erodible source areas which can yield enormous amount of sand and gravel into the Lower Ping River. The eastern part of the catchment covers transitional zone between the mountain ranges and the Central Plain. It consists of mostly the terrace and alluvial fan deposits with a narrow zone of fluvial deposit along the Lower Ping River. Because of the high rate of weathering in the dominating tropical climate, the terrace deposits are not well preserved. However, remnants of terraces may still be distinguished from the floodplain as undulating gravel terrains with fragments of wellpreserved petrified wood in places [57] .
The Chao Phraya River catchment is situated in the Lower Central Plain. The Quaternary deposits of the Lower Central Plain consists of a complex and very thick sequence of alluvial, fluvial and deltaic sediments. About 2,000 m of Pleistocene and Holocene sediments were deposited in the basin [59] . The general Quaternary stratigraphy of the Lower Central Plain has been compiled mainly during the groundwater and petroleum surveys. The upper 600 m of these unconsolidated deposits are subdivided into eight aquifers separated by thick confining clay or sandy clay layers [60] . The top most of the Lower Central Plain is the soft marine clay known as "Bangkok clay" with thickness of a few meters to 30 m thick in the Bangkok area. It is a part of the deposit succession of "the Chao Phraya Delta Deposits". The Chao Phraya Delta formation was sensitive to the fluctuation of the climate and sea level; and its complete succession includes both the Late Pleistocene and Holocene sequences [61] . The Chao Phraya delta extends southward from the fluvial deposits around Chainat Province to the marine deposits toward the Gulf of Thailand. Based on lithology and morphology, the delta is dominated by both fluvial and tidal processes. The stiff clay sequence is interpreted as a floodplain deposit with sandy deposits as the products of the channel migration during the Late Pleistocene regression. Overall, floodplain and levee deposits of fluvial cover the upper part and the tidal flat deposits cover the lower part of the Central Plain, whereas alluvial fans and terraces formed at the plain margins. The Pre-Quaternary geology of the Central Plain and vicinity areas consists of basement and Tertiary rocks. The basement topography is very irregular with the relief varying from 500 to 3,000 m [59] . They are mainly composed claystone, siltstone, sandstone and conglomerate, and overlain by Quaternary sediments deposited of the Chao Phraya River [62] . 
Results
Landsat images show that the Lower Ping and Chao Phraya Rivers have undergone significant changes in river geomorphology overtime. The river embayment area of each reach increased and decreased during various periods, corresponding to the changes in the sand bar and island deposited along the river and also river banks erosion. Figure 4 shows some characteristics of sand bar deposited in the Lower Ping River. Changes in rivers morphology and sand bars derived from satellite images are presented in Figures 5-7 and Table 2 , the coastal erosion in Figure 8 and Table 3 . The detail results are described below.
Reach 1: Downstream from the Lower Mae Ping (LMP) Dam
This reach is the lower portion of the Ping River downstream from the Bhumibol Dam, which located at a coordinate of 17 Table 2) . It has the highest channel slope among other reaches in this study. During the study period, the mean river width of both the Lower Ping and Chao Phraya Rivers varies from a minimum of 123 m in Reach 4 to a maximum of 437 m in Reach 1 ( Figure 5 and Table 2 ). The maximum mean river width of 437 m in Reach 1 was in 1987.
After that, the reach began to narrow with varying rates 29" E) in Nakhon Sawan Province. The weirs have been built within this reach in order to raise the river water level and diverse the water for irrigation purpose. The direct effect of weir is increasing sediment deposition and formation of sediment wedge behind them [47] . The recent channel length of this reach is 131 km, with the average width , the average river narrowing rate was about 9 m/year and by that the average width of the river had decreased about 93 m. The Reaches 2 had slightly changes in sinuosity, the sinuosity had maintained throughout the study period at averagely about 1. 
Reach 3: The upstream from Chao Phraya (CPY) Dam
The Reach 3 continues further downstream from the end of Reach 2 passing through "Pak Nam Poh", the Ping-Nan confluence, which the confluence point is the beginning of the Chao Phraya River and ends at the CPY Dam (latitude 15 ∘ 9' 33" N and longitude 100 ∘ 10' 47" E). The recent channel length of this reach is approximately 132 km, and the average width is 197 m. The channel slope of this river reach declines gradually with an average channel slope at 0.00014 m/m. This river reach flows through the lowlands of the Central Plain. There are no more weirs within this reach. However, at the lower portion of the reach, the river water level has been raised higher, as it is part of the backwater zone of Dam which situated at the end of the reach. The main purpose of the CPY Dam is for irrigation and to reduce the chance of flooding in the downstream area by controlling the water discharge and diverting it through irrigation canals. However, the operation of the CPY Dam by reducing discharge downstream (i.e. increasing backwater zone upstream) combine with peak flows released from dams upstream during the flooding period can induce flooding over the upstream area of the dam. 
Reach 4: The downstream from the CPY Dam
This reach starts from below the CPY Dam and flows through the central plains of the Chao Phraya Basin. This river reach ends at the point where the Chao Phraya River splits into two channels at latitude 14 ∘ 26' 51" N and longitude 100 ∘ 27' 34" E in Ayutthaya Province. The recent channel length of this reach is approximately 123 km, and the average width is 123 m. The present average channel slope of the Chao Phraya River within this reach is 0.000065 m/m. The obvious impact of this reach is sediment depletion as mentioned earlier that most of bedload sediment is trapped within the upper reaches. This condition of sediment supply less than transportation capacity leads to erosion either on the river bed and/or river banks. Furthermore, in the past intense in-channel sand mining had been recorded along this river reach. Sand mining may be also another major cause that accelerates the river banks erosion/collapsing rate. The narrowing trend of the Chao Phraya River is also detected in this reach (Figure 7) . 
Reach 5: The lowest channel slope of CPY River
This is the last reach of the Chao Phraya River. It flows through the central plains to the Chao Phraya River mouth, and enters the Gulf of Thailand around latitude 13 ∘ 31' 52" N and longitude 100 ∘ 36' 00" E. The length of the Chao Phraya River of this reach is 193 km and the average width is 301 m. This river reach has the lowest channel slope among all reaches. The present average channel slope of the Chao Phraya River within this reach is 0.00003 m/m. At the beginning of the reach, in Ayutthaya Province, the river splits into two channels, making them narrower than the one upstream. Then the two channels join again, and the river gains its normal width and gets wider downstream. Since the river in this reach passes through several ma- 
Coastal area around the Chao Phraya Delta
This study also assesses the spatial change at the Chao Phraya deltaic zone. The Chao Phraya deltaic zone in this study was subdivided into 1) the Western Chao Phraya Delta Coast and 2) the Eastern Chao Phraya Delta Coast. The Western Chao Phraya Delta coast is the coastline stretching from the Chao Phraya River mouth and continues westward to the Tha Chin River mouth, and the Eastern Chao Phraya Delta coast is the coastline between the Chao Phraya River and the Bang Pakong River mouths (Figure 8 and Table 3 
Discussion

Factors driving morphodynamical changes of the Lower Ping and Chao Phraya Rivers
The dynamics of the Lower Ping River downstream from the LMP Dam and the Chao Phraya River detected from 1987 to 2017 result in changes in the river width, the formation and removal of sand bars, and river banks erosion. The most substantial geomorphological changes from this study were the decreasing of river width in Reaches 1 and 2 of the Lower Ping River. Only the Reach 5 shows increasing of the river width during three decades of this research. The upper reaches (the Lower Ping River) in this study were wider than the lower reaches (the Chao Phraya River) throughout the four periods of the study. Reach 1 had the highest average mean river width, while Reach 4 had the lowest mean river width. The fact that the CPY Dam has been reducing the peak flow of the river downstream may be responsible for the narrowing of the Chao Phraya River within Reach 4. Furthermore, the increase of sand bar areas along the rivers indicates that the upstream reaches (Reaches 1 and 2) of the Lower Ping River have experienced the aggradation stage where as the lower reach like Reach 5 has been degraded. The sand bars in the Reach 2 had been increasing progressively from 1987 onward; and had the highest increasing rate at 1.00 km 2 /year during 2007-2017 ( Figure 9 ). It coincides with the construction of "the Lower Mae Ping Weir Project" which initiated within this reach. Figure 3 illustrates that the Lower Ping River Catchment consists about one-third of granitoid rocks outcrops. These outcrops are highly weathered and relatively unstable due to high rainfall of the tropical and monsoon climate. As a result, the mountainous areas yield enormous amount of sediment supply (especially bedload) have been transported by tributaries into the Lower Ping River. There are two dams installed in the headwater of the Lower Ping River Catchment, the Bhumibol and the Lower Mae Ping Dams. Both dams have controlled and reduced peak flows of the Lower Ping River, especially the Lower Mae Ping Dam which completed later in 1991 which leading to less sediment transportation and more sedimentation along the river. These results indicate that both anthropologic and geologic factors have not impacted only the water regime but also influenced the sediment regime, which both represent fundamental elements in the river fluvial system and determine the overall morphology of a river. 
Shallowing of river channel and flooding
Recently, changing in hydraulic regime and sediment accumulation rate along the river due to regulation has been recognized and documented [64] [65] [66] [67] [68] [69] [70] [71] . Normally, both bedload and suspended sediment will be trapped in the river and reservoir behind the dam and sediment depletion and erosion occur downstream of the dam [72] [73] [74] . However, the Lower Ping River downstream from the LMP Dam in Reaches 1 and 2 has severely suffered from the excessive sedimentation ( Figure 10 ). These unusual dynamic changes of the Lower Ping River are due to the unique geological setting and intense river regulation along these upper reaches. Reaches 1 and 2 of the Lower Ping River from this study situate in the terrains of granitic rocks which during monsoon seasons can yield enormous sand budget into the Lower Ping River through the tributaries. In addition, the LMP Dam, which designed to provide more hydropower generation capacity, has significantly reduced the water discharge and also flow velocity of the Lower Ping River. The Combination of high sediment supply and low water discharge can result in significant sediment deposit along the river [75, 76] , causing the river shallowing and narrowing as observed in this study. Further downstream from Reach 1, Reach 2 has experienced the same situation. Along 131 km length of this Lower Ping River reach, seven weirs have been built across the river. Hence, most of the additional bedload sediment supply from tributaries would have been trapped above and between these weirs [77] . In the past all projects that involve floods control or supplying water for farmland in irrigation area are simply proposed by building large dams, small reservoirs, or weirs to regulate the flow of water. For decades, the Thai government has initiated irrigation along the Lower Ping and the Chao Phraya River. These irrigation projects have provided numerous socio-economic benefits not only for agriculture in the irrigation areas, but also played the important role in flood control. In a short period, i.e. few decades, it may seem that these irrigation projects have minimal effects on river geomorphology. However, the long-term effects of river regulations are devastating and take longer time to reveal.
Another point needed to be discussed is vegetation encroachment on sand bars. As our study results show that the sediment deposition has been increasing along the Lower Ping River in this past three decades. The most important flow alteration due to regulation on the Lower Ping River is the reduction of flood magnitude. Consequently, river channels quickly stabilize, and the riparian vegetation can colonize and encroach on previously active sandbar deposits (Figures 4). This in turn promotes more sediment aggradation and growth of sandbar along the river. From our field observation, we have observed that huge and tall trees (more than 15 meters tall) like rain trees have growth on some islands ( Figure 4A ). This implies that the vegetation encroachment on sand bars has happened for over several decades. So, the vegetation encroachment on sand bars along the Lower Ping River is considered as another important factor promoting more sand bars construction along this river reach. It also creates difficulties for sediment management such as river dredging for flood control in the future.
Loss of equilibrium in the deltaic zone
Beside the geomorphological changes along the Lower Ping and Chao Phraya Rivers, changes of the Chao Phraya deltaic zone were recognized clearly from the Landsat images. The severe coastal erosion along the Chao Phraya Deltaic zone in the Upper Gulf of Thailand during the past 3 decades has been observed. The erosion of the coastal around the Chao Phraya Delta has been intensified and studied [39, 40, [78] [79] [80] [81] [82] [83] [84] . This shoreline retreat is caused by both natural processes and anthropogenic factors such as mangrove deforestation via the conversion of mangrove forest into aquacultural farmland, land subsidence along the Chao Phraya Delta and a reduction in sediment supply [85, 86] .
In the Chao Phraya deltaic area, among the anthropogenic factors that responsible for the coastal retreat, human-induced land subsidence and a reduction in sed- iment supply by river regulation are well documented. The coastal erosional rate in this delta area is averagely 26 m/year [39] . The intensified groundwater extraction, which follows the expansion of the city of Bangkok began around 1953 and became widely used until around 1990 causing the high subsidence rate around the Chao Phraya Delta coastal zone [39, 55] . During that time, the Chao Phraya Delta was one of the world's highest subsidence rate deltas, with subsidence rate ranged from 50 to 150 mm/year [87] . The total land subsidence in the Chao Phraya Delta coastal zone ranged from 65 to 96 cm, the greatest subsidence concentrated around the eastern side of the Chao Phraya River mouth, which situating the Bangkok Metropolis [88] . However, the coastal retreat has been occurring on both sides of the Chao Phraya River mouth, even with a greater rate on the western deltaic coast than the eastern one. It is quite clear that the rapid incursion of the sea around the Chao Phraya Delta has significantly linked to land subsidence and contributed to some degree of the rapid shoreline retreat of the coastal area [57] .
However, the other dominantly anthropogenic factor that cannot be neglected is the reduction in sediment supply from the river by irrigation projects. Rivers are major sediment load transportation pathways which account for more than 95% of the sediment entering the oceans [57, 89] . River sediment loads are the main material contributing to the building of deltas and coastal zones [90] . Decreasing amount of sediment delivery to the estuaries reduces the sediment deposition rate of the deltas which in turn promoting coastal erosion [91] . Increasing of the irrigation projects over the globe has led to intensive study of the effects of dams on fluvial systems, particularly on the retreat of deltas [92] [93] [94] . (1987-1997 and 1997-2007 ) the increasing trends of sand bar area in the Reaches 1, 2 and 3 seem concordant with the increasing erosion area along the delta coast. Then during 2007-2017 as the sand bars in the Reaches 1-3 had continued to increase, the erosion of the coastal area had declined i.e. the erosion rate had slowed down. We believe that this is due to the success of the recent restoration and protection projects using the construction of coastline revetments, construction of detached breakwaters parallel to the coast, and replanting of juvenile mangrove trees which have been employed in the past decade.
The Lower Ping and the Chao Phraya Rivers are considered as one of the most regulated and disturbed rivers both from irrigation projects such as weirs and dams and other human activities such as river sand exploitation and river dredging. In this study, the increasing of trapped bedload sediment in the Lower Ping River can be recognized as an increasing sand bar surface area in the channel over time. Almost 30 square kilometer of sand bar, especially within the Lower Ping River has been increased during the 30 years period from 1987 to 2017. This implies that large amount of bedload sediment has been restrained within this portion of the Lower Ping River. This change in the amount and composition of transport sediment load of the Lower Ping and the Chao Phraya River has been underestimated and rarely documented, yet it may have been another crucial factor in promoting the coastal erosion around the Chao Phraya Delta.
Implications
Construction of weir:
In Thailand, weirs have been used as one of the fundamental structures to control rivers and streams for decades. They have been mainly constructed for diverting flows for irrigation purpose. This study results show obvious adverse effect of weirs, that is trapping bedload sediment behind them and hence raising riverbed upstream, especially within the high bedload sediment budget such as the Lower Ping River. Constructing new weirs needs a more careful studies of geologic conditions, location of weir correlation with tributaries, and sediment load characteristics especially bedload. Because any new weir will create a new obstruction on the river or stream and, subsequently sediment loads will be deposits filling the reservoir and raising riverbed upstream. These effects of weir may take decades to reveal and have not yet been considered or broadly studied in Thailand. As within the succession of weir, the adverse impacts on river or stream will be more problematic than only one weir itself.
Commercial Sand Mining:
The Lower Ping River has trapped enormous sand and gravel. This attracts a lot of investors to apply for the in-channel sand mining lease in this area. Recently, aggregate extraction of in-channel sand mines has shifted from the Chao Phraya River, downstream from the Chao Phraya Dam, to the Lower Ping River after depletion of riverbed sand and serious banks collapsing along the Chao Phraya River. There are at least 30 sand mines distributed along the Lower Ping River. The issue of sediment mining in the Lower Ping River channel has not also been considered as a cause of morphological change and environmental impacts in the Lower Ping River yet. Although, this section of the Lower Ping River is complex because the high availability of sand and gravel. But sand and gravel resources are not renewable. This study can assist in locating suitable sites for in-channel mining. However, more attempts will be needed to quantify suitable volumes of sand and gravel that can be extracted from the Lower Ping River, and to identify sediment availability trends in this river. 3. Reservoir sedimentation: The sedimentation rate of each artificial reservoir is very variable. It depends more particularly on the climatic situation, the geomorphology of the alluvial river systems, and geologic conditions of the watershed. In Thailand, over the years measurements of reservoir sedimentation rate have been carried out by the RID. However, most of the works emphasis only on suspended load sedimentation in the reservoir. Management of sedimentation in reservoirs should not be comprehended by a standard generalized rule or procedure or limited to the reservoir itself. It should include analytical of the catchment areas and extends to the downstream river. An integrated sediment management strategy is necessitated to balance the sediment budget across reservoir. The Lower Ping River is an excellent example of this problem. Therefore, sediment load, especially bedload monitoring and management should also include the downstream reaches as well as the upstream reaches and reservoirs. This will ensure that impoundments by dam and weir will have sustainable long-term benefits, rather than operating as a nonsustainable source of water supply. 4. Coastal erosion: The dynamic changes of the upstream fluvial will also affect the dynamics of the coastal area surrounding the river mouth. This study shows the relation between trapped sediment load upstream and depletion of sediment load downstream which leading to substantial erosion of the coastal area. As mentioned above that the severe coastal erosion in the Upper Gulf of Thailand during past decades may have been produced by several factors.
Damming is assumed to be a major factor responsible for decreasing of sediment loads to the delta system, leading to rapid coastal erosion [83, 87] . From our study, it seems that the coastal erosional rate had been decreased, indicating that the restoration and protection projects along the coast line have successfully slowed down the erosional process. However, the coastal erosion will remain a persistent problem in this area, if the enormous amount of sediment load continues to be trapped within the fluvial system upstream.
Conclusions
The Lower Ping and Chao Phraya Rivers are the major rivers of the Chao Phraya River Basin, one important lowlying plain in Southeast Asian countries. Geomorphology of both rivers has changed dramatically and unusually in some senses. The change with one decadal interval in river embankment and loss of equilibrium in recent deltaic zone derived from Landsat imageries in 1987, 1997, 2007 and 2017 are concluded as follows.
1. During the past three decades, the results from Landsat images interpretation indicate that river embayment areas had decreased in Reaches 1, 2, 3 and 4, whereas Reach 5 shows slightly increasing trend. The decreasing trend of river embayment area is also reflected the narrowing trend of the river in those reaches of the Lower Ping and Chao Phraya Rivers. The total decreasing of the river embayment area of Reach 1 is 10. of the coastal areas both from the western and eastern sides of the Chao Phraya Delta have been eroded since 1987. From this study, it can be assumed that the excessive trapped bedload sediment along the upper reaches maybe responsible for the significant erosion of the lower reaches and the coastal area around the Chao Phraya River delta. 4. The application of remote sensing and GIS from this study demonstrates an efficient way to determine river geomorphology dynamic and understand how geological setting and human activities influence them. The results from this study will accommodate for further planning of the rivers in term of flood control and irrigation management.
